1 Citation: Eyre at the end of the study was probably lost as dissolved organic N (DON) fluxes. Of the 15 N 53 remaining in 0-2 cm sediment, 80.4% was in MPB, 2.7% in bacteria, 1% in foraminifera and the 54
Introduction 59
Microphytobenthos (MPB) make an important contribution to the primary production of 60 shallow coastal systems (Cahoon 1999) . During biomass synthesis MPB fix carbon (C) and 61 assimilate nitrogen (N) from both sediment pore waters and the water column e.g. (Ferguson et MPB-derived C in subtidal sediments showed that respiration was the major loss pathway for MPB-66 C (63%) (Oakes et al. 2012 ), whereas little MPB-C was lost via DOC fluxes (~3%) or resuspension 67 (<3%). After 33 days 31% of the MPB-C was still retained in the sediments. Of this, 7% was in 68 MPB, 7% in bacteria, 2% in fauna and 84% was uncharacterized (Oakes et al. 2012) . 69 MPB-N in subtidal sediments will have some of the same flux and assimilation pathways as 70 MPB-C, including loss via resuspension, and retention in bacteria and fauna, but the proportions are 71 likely to be different due to the different reactivity of N, and the different N requirements of the 72 microbial community. In addition, MPB-N will have some unique flux pathways such as 73 ammonification and loss as NH4 + effluxes across the sediment-water interface, ammonium 74 oxidation (nitrification) and loss as NO3 -effluxes, and denitrification and anammox and loss as N2 75 effluxes. However, few studies have looked at the fate of MPB-N, and these have only considered 76 limited pathways. For example, a whole estuary labeling study that measured benthic fluxes of 77
NH4
+ in intertidal sediments showed preferential mineralization of MPB over bulk sediment N 78 and estimated that MPB could account for 50 to 100% of the N mineralized, with about 10% of the 79 assimilated label returned to the water column over the 22 day study period (Tobias et al. 2003b ) 80 (Tobias et al. 2003a ). In the same study 15 N was also traced into a bacterial biomarker, suggesting a 81 link between bacteria and MPB and the benthic NH4 + flux. In a short (4 day) laboratory-based 82 pulse-chase stable isotope experiment with subtidal sediment, MPB-N was rapidly transferred to 83 consumers with a greater transfer of N, relative to C, to meiofauna than macrofauna (Evrard et al. 84 2010) . A longer term (14 days) in situ study of intertidal sediments (mudflats and creek walls) 85 traced MPB-N into saltmarsh infauna (Galván et al. 2008) . 86
There have been no comprehensive assessments of the fate of MPB-N that include 87 assimilation, trophic transfer and flux pathways. This study used a combination of 15 N-labeling, 88
compound-specific isotope analysis of biomarkers, and isotope analysis of NH4 + , NO3 -, and N2 to 89 investigate the fate of MPB-N in subtropical photic subtidal sandy sediments. Specifically, we 90 aimed to determine rates of N transfer within sediment compartments (assimilation and trophic 91 transfer) and loss to the water column as fluxes across the sediment-water interface. We 92 hypothesized that NH4 + , NO3 -and N2 fluxes would be a major pathway for loss of MPB-N, due to 93 the high loss of respired MPB-C as dissolved inorganic C (Oakes et al. 2012 ). The experiment was 94 done in situ and over an extended time period (33 d) to allow natural loss processes to occur. Given 95 the paucity of information on the transformation and fate of N fixed by MPB this is a valuable step 96 towards understanding the role of MPB in coastal N cycling. 97
98

Methods
100
Study site 101
The subtidal study site (~1.5 m below average sea level) in the subtropical Brunswick River 102 estuary, Australia, has been used in a number of previous studies (Oakes et al. 2012; Oakes et al. 103 2010b; Webb and Eyre 2004) . During this study the site was net autotrophic (production:respiration 104 ~1.2 over a diel cycle with gross CO2 productivity of ~105 mmol C m -2 d -1 ) ( Oakes et al. 2012 ). The 105 MPB assemblage was dominated by pennate diatoms and no cyanobacteria were observed under 106 light microscopy (×100) Oakes et al. 2012 ). Sediment to 10 cm depth had an organic carbon (OC) 107 content of 18.6 mol C m -2 with higher organic matter content in surface sediments (0.18% C) than 108 in deeper sediments (0.16% C at 2-5 cm; 0.15% C at 5-10 cm). Sediment at all depths was 109 comprised primarily of fine (125-250 µm; 72-79%) and medium (250-500 µm; 17-24%) quartz 110 sand grains, but they were not permeable (Oakes et al. 2012) . MPB made the greatest contribution 111 to OC in surface sediments (9.0% at 0-2 cm depth), contributing only 6.9% and 6.6% of the OC in 112 sediment at depths of 2-5 cm, and 5-10 cm, respectively. The contribution of bacteria to OC was 113 greater in deeper sediments (7.4% and 9.3% of OC at depths of 2-5 cm and 5-10 cm, respectively) 114 than in the surface sediments (3.7% of OC). Foraminifera Elphidium craticulatum (referred to as 115
Cellanthus craticulatus by (Oakes et al. 2012 
N-labeling 120
The experimental plots, and the cores collected from these plots, were also used for a 13 
Sample collection 133
Two sediment cores (9 cm diameter × 20 cm deep, with 30 cm overlying water) from each 134 labeled experimental plot and two control cores from an area 5-8 m away from any labeled 135 sediment (for background isotope values) were collected immediately after chamber removal and 136 after a further 1, 3, 10, 20, and 30 d. Control and labeled cores from each collection period were 137 placed in separate tanks of unlabeled site water in the laboratory at in situ temperature (± 1°C) and 138 average daily light levels (± 5%, ~400 µmol photons m -2 s -1 at sediment surface, 12 h). To maintain 139 the natural in situ diel cycle the cores were pre-incubated uncapped (12 h dark, then 12 h light) and 140 then sealed and incubated (12 h dark then 12 h light). Water samples were taken from one of each 141 pair of collected cores (i.e., from 3 labeled and 1 control core) at the start and the end of the dark 142 period, and these cores were then sacrificed. The remaining cores were treated similarly, with the 143 same water volume removed during the dark incubation period, but not retained. These cores had 144 water samples collected at the beginning and end of the light incubation and were then sacrificed. 145
During pre-incubation and incubation the water column within each core was stirred, without 146 causing resuspension, using magnetic bars ~10 cm above the sediment surface. Pre-incubation 147 allowed the sediment microhabitats to re-establish following disturbance from coring. However, the 148 combination of in situ chamber incubation and pre-incubation post-initial labeling prevented 149 monitoring of 15 N losses over the first 48 h, and sediment transfers over the first 60 h. As such, this 150 study is focused on longer-term transfer and loss processes. 151
Immediately following pre-incubation, 2 L of water from each tank was collected, filtered 152 (pre-combusted GF/F) and retained for determination of background δ 15 N values of NH4 + and NO3 -.
153
At the beginning and end of the light and dark incubation periods, dissolved oxygen concentrations 154 (±0.01 mg L -1 ) and temperature (±0.01°C) were measured (Hach HQ40d, luminescent DO probe) 155 through ports in the lid of the cores, and water samples were collected. As water was sampled, it 156 was replaced with gravity-fed site water maintained within collapsible reservoirs under the same 157 conditions as the cores. Triplicate samples for N2:Ar analysis were collected directly from cores by 158 allowing this replacement water to gently push sample water via tubing into 7 mL gastight glass-159 stoppered glass vials. The vials were filled to overflowing, killed with 20 µL of saturated HgCl2 and 160 stored submerged at ambient temperature. Approximately 60 mL of sample water was then 161 withdrawn from each core into a plastic syringe. Samples to determine NH4 + , NO3 -and DON 162 concentrations were syringe filtered (0.45 µm cellulose acetate) into duplicate 10 mL polyethylene 163 vials, leaving a headspace, and refrigerated for storage. To determine nitrogen stable isotope ratios 164 (δ 15 N) of N2, sampled water was filtered (0.45 µm cellulose acetate) into a 20 mL glass vial 165 containing 500 µL of 2M NaOH. These samples were sealed without headspace using a lid 166 containing a teflon-coated septum, then had a 4 mL helium headspace injected and were stored at 167 ambient temperature until analysis. When cores were sacrificed at the end of the dark or light 168 incubation periods, the water overlying sediment within each cores (~1.9 L) was gently siphoned 169 off, leaving ~1 cm depth of water in the core to avoid collection of loose surface sediment. This however, only foraminifera were found. Foraminifera were picked, by hand, from sediment samples 179 to obtain sufficient material for isotope analysis. 180
181
Sample analysis 182
NH4
+ and NO3 -(including NO2 -) for isotope analysis was collected on acidified GF-D 183 (Whatman) filter papers via the acid-trap diffusion protocols described by (Holmes et al. 1998) and 184 (Sigman et al. 1997) .
15 NH4 + and 15 NO3 -trapped on the filter papers was determined by isotope ratio 185 mass spectrometry (IRMS, Thermo Delta V Plus IRMS) after combustion on an elemental analyzer 186 (Thermo Flash EA 1112). All EA-IRMS samples were standardized against the ultrapure calibration 187 standard (NH4)2SO4 (52%). 188 N2 concentrations were determined from N2:Ar measured using membrane inlet mass 189 spectrometry with O2 removal, as described by Aliquots of atmospheric air were analyzed prior to samples each day to test for accuracy and 197
precision. 198
Transfer of 15 N into bacteria and MPB was determined through compound-specific stable 199 isotope analysis of D-alanine and L-alanine following extraction and purification of total 200 hydrolysable amino acids from lyophilized sediments. Only the 0 to 2 cm interval was analysed for 201 D-alanine and L-alanine due to the logistical constraints of this laborious analysis, and no peaks 202 were obtained for day 33. Extraction and analysis was done as described by (Veuger et al. 2005) , 203
except that a larger sample of sediment was required (~10 g). The sediment was initially washed 204 with 5 mL of milli-Q and 1 mL of 12M HCl, and amino acids were eluted from glass columns 205 containing Dowex 50WX8 resin using 12 mL of 2N NH4OH. L-Norleucine was added to the 206 samples after hydrolysis as an internal standard to check recovery of amino acids. Extracts were 207 analyzed via gas chromatography-isotope ratio mass spectrometry using a Thermo Trace Ultra GC 208 coupled with a Thermo Delta V Plus IRMS via a Thermo Conflo III interface. The column used 209 was a 50 m length of Agilent CP Chirasil-L-Val (0.25 mm i.d., film thickness 0.12 µm), comprised 210 of two 25 m columns connected together. Helium was the carrier gas, with a flow rate of 1 mL min -211 1 . Samples were manually injected in splitless mode. The GC oven was held at 60°C for 2 min, then 212 ramped to 100°C at 40°C min -1 , then to 116°C at 1°C min -1 , then ramped at 20°C min -1 to 190°C 213 and held at that temperature for 5 min. 214
Only the particulate organic nitrogen (ON) in the sediment was analysed for 15 N by using 215
KCl extraction to first remove N adsorbed to sediment particles. This was done by combining 4 g of 216 dried homogenized sediment with 10 mL of 2M KCl, before shaking for 1 h and centrifuging. The 217 supernatant was removed and discarded, and the sediment then rinsed three times with milli-Q. The 218 sediment samples were then re-dried (60°C to constant weight). Foraminifera samples were also 219 dried prior to analysis (60°C to constant weight). Sediment and foraminifera samples were weighed 220 into tin cups, then analyzed for δ 15 N and %N using a Thermo Finnigan Flash EA 112 interfaced via 221 a Thermo Conflo III with a Thermo Delta V Plus IRMS. Helium dilution of the carrier stream was 222 turned off for foraminifera samples to reduce the required mass. Chlorophyll a samples were 223 sonicated (15mins), centrifuged (2500rpm, 5min) and the supernatant was analysed using a 224 spectrophotometer. The supernatant was then acidified with 1M HCl and re-analysed to correct for 225 the presence of phaeophytin. 226
227
Calculations 228
The total ON mass (biomass) of sediment and foraminifera was calculated as the product of 229 %N determined during isotope analysis and total dry mass per unit area. calculations. All days refer to days after labeling. The first samples were collected 3 days after label 303 application and the last samples were at 33 days after label application. 304
Data analysis 291
Because sediment excess 15 N values were determined for the end of both dark and light 292 periods three
305
Sediment Chlorophyll a and Nitrogen 306
Sediment chlorophyll a 0 to 2 cm averaged 5.7±3.1 mg m -2 (mean±SD) across all cores 307 collected over the study period. Sediment to 10 cm depth had an organic nitrogen (ON) content of 308 1.7 mol N m -2 (Table 1 ) and a molar C:N ratio of ~7-10. There was higher organic matter content in 309 surface sediments (0.03% N) than in deeper sediments (0.02% N at 2-5 cm; 0.01% N at 5-10 cm) 310 (Table 1) . MPB made the greatest contribution to ON in surface sediments (18.1%, at 0-2 cm 311 depth), contributing less but similar amounts of the ON in sediment at depths of 2-5 cm and 5-10 312 cm (10.4% and 11.1%, respectively). The contribution of bacteria to ON was greater in deeper 313 sediments (59.9% and 83.0% of ON at depths of 2-5 cm and 5-10 cm, respectively) than in surface 314 sediments (39.4% of ON). Although Foraminifera made only a small contribution to ON, that 315 contribution was highest at 5-10 cm (3.0%), and was dominated by the Ammonia beccarii. The 316 The sediment compartments considered (MPB, bacteria, and the three species of 336 foraminifera) accounted for approximately 27.5% of the 15 N within sediment ON at 0-2 cm across 337 all sampling times, but ranged from 50.8% on day 3 to 12.0% on day 23 (note: there is no MPB and 338 bacteria data below 2 cm or for day 33) (Fig. 2) . Most of the 15 N for these 3 compartments was in 339 the MPB across all sampling times (average 73.6%). The contribution of MPB to the 15 N in 340 sediment ON (63.9%) far outweighed the contribution of MPB biomass to sediment ON (18.1%; 341 Table 1 ). Throughout the study, there was a marked decrease in the 15 N content of MPB in the 0-2 342 cm sediment. By day 23 post label addition, only 12.7% of the 15 N initially fixed into sediment ON 343 remained in the MPB (Fig. 2) ; a rapid decrease from the first sampling of 49.5%. The contribution 344 of bacteria to the 15 N in ON at 0-2 cm averaged 8.6%, and reached a maximum of 27.3% at day 6, 345 which approaches the contribution of bacterial biomass to ON (39.4%; Table 1 ). The 15 N content of 346 bacteria in 0-2 cm sediments increased up to day 6 post-labeling, then rapidly decreased (Fig. 2) . 347
There was evidence of label uptake into all three foraminifera species by the time the first 348 sediment sample was taken (Fig. 3) 
Loss of 15 N from sediments 359
The decline in 15 N content of sediments at all depths throughout the study period was 360 substantial (Fig. 1) , with most of the decrease occurring at 0-2 cm. Most of this 15 N was lost from 361 the sediments to the water column as NH4 + , NO3 -and N2 fluxes (Figs. 4 and 5) . Initially, 15 N loss to 362 the water column was dominated by NH4 + , accounting for 7.4% of the initially incorporated label 363 loss by day 3, compared to only 1.33% loss via NO3 -and N2 combined. However, by day 33 very 364 similar amounts had been lost via all three fluxes (NH4 + = 20.8%; NO3 -=16.5%; N2 = 20.7%) with 365 an overall loss of 58% by the measured fluxes. At the end of the study (day 33) only 27.0% of the 366 initially incorporated 15 N label remained. Of the remaining 15 N, 52.6% was in sediment at 0-2 cm, 367 13.7% was at 2-5 cm, and 33.7% was at 5-10 cm (Fig. 1) . By day 33 15.1% of the initially 368 incorporated 15 N label could not be accounted for by the fluxes and assimilation compartments 369 considered (Fig. 5) . assimilation rate for a lower rate of benthic productivity, which probably reflects differences 395 between in situ and laboratory studies or differential utilization of porewater vs water column N, 396 both studies had a similar C:N ratio of incorporation. For example, using the C incorporation data 397 of (Oakes et al. 2012 ) and accounting for differences in the labeling of the DIC (23%) and DIN 398 (86.3%) pools, this study had a ratio of incorporation of 10.2 compared to 12.6 in (Evrard et al.  399 2008). The C:N ratio of incorporation was higher than required for microbial growth and is 400 consistent with the production of carbon-rich extracellular organic material such as carbohydrate 401 
Labile ON will be respired, but the depth at which this occurs, and the pathways leading to its 448 respiration, or ultimate long-term burial, will depend on mixing regimes. had less of a requirement for the added N in the current study than in these previous studies. 465
However, these three studies used very different methods making comparisons difficult, and the 466 differences may simple be related to different sediment types and light availability. 
study. 482
The fraction of initially fixed 15 N that was in the foraminifera at 0-10 cm at day 3 (0.3%) 483 was less than their biomass N contribution (1.29%). In contrast, the contribution of foraminifera to 484 the 15 N that remained in the sediment 0-2cm at the end of the study (day 33) (2.67%) was more than 485 double their biomass N contribution (1.29%); 70% of this 15 N was in Elphidium advenum, 486 representing five times its biomass N contribution. There was also a much larger amount of 15 N 487 accumulated in foraminifera than fauna in a previous labeling study in muds in the same estuary 488 (0.4%) (Veuger et al. 2007a ); there were no foraminifera at that site. As such, the foraminifera 489 appear to accumulate and store 15 N. One mechanism may be the uptake and accumulation of NO3 
Loss of 15 N from sediments 494
Sediment-water fluxes of NH4 + , NO3 -and N2 were the major pathway (58%) for loss of 495 MPB-N from the sands studied (Figs. 4 to 6 ). In the first three days most of this loss (85%) was via 496
NH4
+ , most likely due to rapid mineralization of the freshly labeled MPB at the surface. However, 
NO3
-concentrations on the source of NO3 -for denitrification has been seen previously in this 515 system (Eyre and Ferguson 2005 ) and many other systems (Seitzinger et al. 2006) . By the end of 516 the study (33 days) all three sediment-water flux pathways were of similar importance for the loss 517 of MPB-N. 518
At the end of the study 15.1% of the initially incorporated 15 N label could not be accounted 519 for by the assimilation compartments and fluxes considered. The missing 15 N could have been 520 removed via resuspension, grazing, burial below 10 cm, or as dissolved organic N (DON) fluxes to 521 the water column. A carbon mass balance for the same experimental study found that only about 522 3% of the 13 C could not be accounted for at the end of the study, most likely lost to resuspension, 523 grazing and burial below 10 cm (Oakes et al. 2012 ). These three processes would account for a 524 similar loss of 15 N (2.5%) using the average 13 C: 15 N sediment ratio over this study period. As such, 525 the remaining missing 12.6% of the initially incorporated 15 N label was most likely lost as DON. 526
Consistent with a loss of DON was the small loss of DOC from the same experimental study ( although our losses were much higher. For example, after one month 76% of the added 15 N 552 remained in a salt marsh system (White and Howes 1994), 66% remained in a freshwater 553 constructed wetland (Erler et al. 2010 ) and 50% remained in a tidal freshwater system (Gribsholt et 554 al. 2009 ). All these studies with higher retention showed rapid transfer of 15 N into plants, which 555 enhances the short-term retention. In contrast, in our study most of the 15 N was in MPB, which were 556 rapidly remineralized over the 33 days with a large loss via N fluxes across the sediment-water 557 interface. However, despite the low retention compared to sediment-plant systems the uptake of N 558 by MPB and associated transfer to deeper sediment is still a mechanism that would enhance the 559 burial of N. 560 Table 1 . Mean biomass of sediment compartments at depths of 0-2 cm, 2-5 cm, and 5-10 cm, based 566 
